Ruggiero C, Ehrenshaft M, Cleland E, Stadler K. High-fat diet induces an initial adaptation of mitochondrial bioenergetics in the kidney despite evident oxidative stress and mitochondrial ROS production. Am J Physiol Endocrinol Metab 300: E1047-E1058, 2011. First published March 8, 2011; doi:10.1152/ajpendo.00666.2010.-Obesity and metabolic syndrome are associated with an increased risk for several diabetic complications, including diabetic nephropathy and chronic kidney diseases. Oxidative stress and mitochondrial dysfunction are often proposed mechanisms in various organs in obesity models, but limited data are available on the kidney. Here, we fed a lard-based high-fat diet to mice to investigate structural changes, cellular and subcellular oxidative stress and redox status, and mitochondrial biogenesis and function in the kidney. The diet induced characteristic changes, including glomerular hypertrophy, fibrosis, and interstitial scarring, which were accompanied by a proinflammatory transition. We demonstrate evidence for oxidative stress in the kidney through 3-nitrotyrosine and protein radical formation on highfat diet with a contribution from iNOS and NOX-4 as well as increased generation of mitochondrial oxidants on carbohydrate-and lipid-based substrates. The increased H2O2 emission in the mitochondria suggests altered redox balance and mitochondrial ROS generation, contributing to the overall oxidative stress. No major derailments were observed in respiratory function or biogenesis, indicating preserved and initially improved bioenergetic parameters and energy production. We suggest that, regardless of the oxidative stress events, the kidney developed an adaptation to maintain normal respiratory function as a possible response to an increased lipid overload. These findings provide new insights into the complex role of oxidative stress and mitochondrial redox status in the pathogenesis of the kidney in obesity and indicate that early oxidative stress-related changes, but not mitochondrial bioenergetic dysfunction, may contribute to the pathogenesis and development of obesity-linked chronic kidney diseases.
reactive oxygen species; chronic kidney diseases; obesity; mitochondria OBESITY IS A GLOBAL HEALTH PROBLEM with numerous risks and consequences, including cardiovascular problems and other complications. Metabolic syndrome and obesity are associated with an increased risk for diabetic complications later, including diabetic nephropathy and chronic kidney diseases (CKDs) (2, 11) . Novel data suggest that CKD can develop in obese individuals without diabetes (5, 12, 26) . The proposed pathological mechanisms and alterations in the kidney include lipotoxicity and renal lipid accumulation (1, 8, 20, 21, 27, 36) , proinflammatory changes and cytokines (45) , hyperfiltration and hypertension (15) , and reactive oxygen species (ROS) (16, 34) . Others suggest a role for glucose intolerance and insulin resistance as well, although the kidney is not traditionally considered an insulin-sensitive organ (10, 33, 44) . The characteristic obesity-linked changes always include glomerular hypertrophy, fibrosis, and interstitial scarring (18) . Oxidative stress, and/or mitochondrial dysfunction are often proposed mechanisms in various organs affected by obesity including the kidney but are incompletely understood. Numerous studies have focused on diabetic nephropathy, but sparse data are available on the metabolic syndrome stage when there are no overt signs of severe kidney dysfunction (23) . Subcellular components such as mitochondria and the mitochondrial redox status have received broad attention lately because, even in physiological circumstances, mitochondrial electron transport and ROS production play key roles in redox homeostasis. In the case of an imbalance in lipid and carbohydrate metabolism, such as metabolic syndrome-related diseases, the overload on the tricarboxylic acid (TCA) cycle can result in the accumulation of irregular metabolites (24) . These in turn will affect the ubiquinone (CoQ) pool and translate into excessive mitochondrial superoxide production (29) and can lead to derailments of mitochondria-driven redox signaling and altered cellular milieu in the disease process.
High-fat diet is an excellent model for excess calorie intake, which will contribute to the development of obesity and metabolic syndrome. Feeding a high-fat diet has also been shown to induce renal injury and morphological changes in the kidney (18, 43) . Therefore, to achieve diet-induced obesity, we fed a 45% kcal lard-based high-fat diet to C57BL mice for 12 and 16 wk to investigate both functional and structural changes in the kidney at the cellular and subcellular levels. Here, we demonstrate that oxidative stress is evident in the kidney, as shown by 3-nitrotyrosine and protein radical adduct formation in the glomeruli on high-fat diet, possibly mediated by the parallel increase in inducible NO synthase (iNOS) and NOX-4 expression. Oxidative stress was accompanied by morphological changes and a proinflammatory transition in both the glomeruli and tubuli. The kidney mitochondria increased its H 2 O 2 -releasing capacity on various substrates without derangements of its bioenergetics or biogenesis, which suggests altered redox status and mitochondrial ROS production but preserved energy production. More importantly, the kidney initially developed an adaptation-like response in respiratory function in response to a high-fat diet and increased free fatty acid overload despite the evident cellular and subcellular oxidative stress.
MATERIALS AND METHODS
Materials. All chemicals were from Sigma (St. Louis, MO) and of purest grade available unless stated otherwise. Antibodies were from various sources indicated in each section specifically. DMPO was from Axxora (San Diego, CA). Amplex Red, horseradish peroxidase (HRP), and Western blotting materials were from Invitrogen (Carlsbad, CA). Masson's TriChrome staining kit was purchased from Poly Scientific (Bay Shore, NY).
Animals. Male C57BL mice weighing 18 -20 g (Jackson Laboratory) were used in all experiments. Mice were housed in a room with air conditioning and a 12:12-h light-dark cycle, were fed with diets detailed below, and had access to water ad libitum. Experiments were started after the quarantine period was over. Mice were randomly divided into the following groups: control diet (10% kcal fat from lard, D12450B) and high-fat diet for 12 or 16 wk (45% kcal fat from lard, D12451). Diets were purchased from Research Diets (New Brunswick, NJ). Body weight gain was monitored weekly in every group throughout the experiments. Blood glucose levels were measured at the end of the feeding experiments. At the end of the feeding, all cohorts were divided into two subgroups. One subgroup received the spin trap DMPO (1 g/kg ip twice, 1 and 2 h before being euthanized); the other subgroup was euthanized without spin traps. After CO 2 euthanasia, blood was drawn by heart puncture, kidneys were excised, and one from each animal was used to prepare fresh mitochondria or kept in Ϫ 80°C until further experiments. The other kidney was halved. One half was kept in 10% buffered formalin for fixation; the other half was embedded in OCT medium for stainings and confocal studies. Kidneys from DMPO-treated animals were used only to study the sites of protein radical formation. All studies were approved by the Institutional Review Board at the Pennington Biomedical Research Center (PBRC) and adhered to NIH guidelines for the care and handling of experimental animals.
Clinical chemistry. For blood sample collection, mice were fasted overnight with free access to water and then euthanized the next morning. Blood was collected via heart puncture before the dissection. Blood parameters such as plasma glucose, insulin, triglyceride, creatinine, and blood urea nitrogen (BUN) levels were measured by the Clinical Chemistry core facility at the PBRC.
Histology and immunohistochemistry. For various stainings, OCT or paraffin-embedded kidneys from low-fat-fed and high-fat-fed mice were cut into 5-m cross sections on a cryostat machine at the Pennington Imaging Core Facility. Sections were immediately mounted on charged SuperFrost slides (Fisher Scientific, Pittsburgh, PA), and the frozen sections were fixed with acetone and air-dried overnight. Sections were stained with 1) hematoxylin-eosin to evaluate general histology of the kidney, glomerular size, and hypertrophy; 2) TriChrome staining for fibrosis, scarring, and collagen; and 3) immunofluorescent stainings to detect fibroblast-specific protein-1 (FSP-1), 3-nitrotyrosine, protein radical adducts, and iNOS expression. 3-Nitrotyrosine (3-NT) staining was made with a monoclonal 3-NT antibody (Abcam, Cambridge, MA) according to the manufacturer's dilution instructions. FSP-1 staining was made using a rabbit FSP-1 antibody (Abcam). A monoclonal iNOS antibody was used for iNOS staining (Sigma). After washes, Alexa fluor 568 or 488 fluorescent rabbit or mouse secondary antibodies were applied for 1 h at room temperature (1:500 or 1:750, Invitrogen, Carlsbad, CA). After stainings, histology slides were scanned and analyzed with a NanoZoomer Digital Pathology Virtual Slide Viewer. Each slide was coded by the core facility, and low-fat-or high-fat-fed groups were revealed only after evaluation. Six mice in each group, two sections from each mouse, and 10 -15 glomeruli on each section were analyzed. For fluorescent stainings, sections were covered with coverslips and observed with an LSM510 confocal laser microscope (Zeiss). In case of the glomeruli staining of 3-NT and iNOS, at least 15 glomeruli were recorded in each group, and grayscale intensities were compared using Image J software. For the FSP-1 staining, the area of positively stained pixels was compared and normalized as percentage of total pixels, comparing at least 15 pictures in each group.
Confocal microscopy of protein radicals. To determine the amount and location of protein radical formation upon high-fat diet exposure, kidneys from DMPO-injected mice were fixed in 4% buffered formaldehyde for 24 h and then placed into 30% sucrose for 24 h. Tissues were then embedded into OCT medium, sliced on a cryocut microtome into 30-m sections, and then immediately mounted on SuperFrost charged glass slides. Samples were permeabilized with 0.1% Surfact-Amps-X-100 for 30 min. After blocking with 1% goat serum for 30 min, stainings were performed on the slides. Kidney sections were isolated with a Pap Pen to prevent antibody loss, and a polyclonal chicken anti-DMPO antibody (1:1,500) was used to detect DMPO protein radical adducts in the kidneys. The noncommerical polyclonal chicken antibody was a generous gift from Dr. Ronald Mason's laboratory (National Institute of Environmental Health Sciences, Research Triangle Park, NC). After four washes with PBS, an Alexa fluor 488 donkey anti-chicken secondary antibody was used to visualize samples (1:500). Secondary controls were made to determine background and nonspecific fluorescence by omitting the primary antibody but applying the secondary antibody, as well as using a section from a non-DMPO-injected animal and applying both antibodies. After four rinses with PBS, sections were covered with coverslips and observed with an LSM510 confocal laser microscope (Zeiss). In case of glomeruli DMPO staining, at least 30 glomeruli were recorded and observed in each group, and grayscale intensities were compared using Image J software (http://rsb.info.nih.gov/ij/).
Mitochondria preparation. Freshly excised kidneys were collected into a small amount of mitochondria isolation buffer (50 ml 0.1 M Tris-MOPS, 5 ml 0.1 M EGTA-Tris, 100 ml 1 M sucrose in 500 ml nanopure water, pH 7.4), chopped into small pieces with a scissors, and homogenized with a small Dounce homogenizer in isolation buffer. The homogenate was centrifuged first at 600 g, 4C for 10 min to remove debris, then the supernatant was centrifuged at 7,000 g, 4°C for 10 min twice to obtain a mitochondrial pellet. The preparation was resuspended in a small amount of isolation buffer, mitochondrial protein content was measured with a BCA protein assay kit (Pierce, Rockford, IL), and the preparation was used immediately for mitochondrial bioenergetic measurements in intact mitochondria or was stored at Ϫ 80°C until further analysis. Mitochondrial bioenergetics. To assess mitochondrial function and bioenergetics in kidney mitochondria, we utilized the SeaHorse XF24 Extracellular Flux Analyzer (SeaHorse Bioscience, Billerica, MA) technology available at the PBRC. This technology allows us to determine a number of mitochondrial bioenergetic parameters in a single experiment, with a number of replicates for each mouse kidney used. In preliminary experiments, the optimal mitochondrial protein concentration was titrated to ensure an optimal and measurable OCR (oxygen consumption rate); 10, 5, and 2.5 g/well mitochondria was loaded onto SeaHorse 24-well plates, and proportional responses were measured accordingly (data not shown). To ensure proper baseline readings recommended by the manufacturer, 2.5 g/well kidney mitochondria was selected to load in all experiments. Accordingly, ADP, oligomycin, FCCP, and antimycin A concentrations were also optimized to obtain maximal effects and readings. We used sequential injections of these compounds to determine basal OCR, ATP-linked OCR, proton leak, nonmitochondrial OCR, and respiratory control ratio (RCR). Freshly prepared mitochondria were diluted to a concentration of 2.5 g protein/well in MAS-1 buffer (70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, and 0.2% BSA in nanopure water, pH 7.2, adjusted using KOH), loaded onto the 24-well SeaHorse plates, centrifuged, and incubated according to the manufacturer's protocol with rotenonesuccinate as substrate. OCRs were measured loading both low-fat and high-fat diet-fed mouse kidney mitochondria on the same plate.
Western blotting of Cu/ZnSOD, NOX-4, MnSOD, mitochondrial complexes, biogenesis and cytochrome c. For Western blot studies, equal amounts of kidney tissue or mitochondrial protein preparations were homogenized in lysis buffer containing a mixture of protease and phosphatase inhibitors, 2% Triton X-100, 300 mM NaCl, 20 mM Tris, 2 mM EDTA, and 1% NP-40. Samples were centrifuged at 10,000 rpm for 5 min at 4°C and were subject to 40 l of SDS sample buffer including 2% ␤-mercaptoethanol as reducing agent and boiled for 10 min, and 20 g of protein per well (equal loading was ensured by measuring protein content with a BCA reagent kit) was separated on reducing NuPAGE 4 -12% Bis-Tris gel (Invitrogen) and transferred to a nitrocellulose membrane. In the mitochondrial complex studies, boiling was omitted according to recommendations of the antibody cocktail manufacturer (MitoSciences, Eugene, OR). After blocking (5% fish gelatin in 0.1 M PBS, pH 7.4), the membrane was probed with a mitochondrial complex antibody cocktail for complex V␣, COX I (complex IV), Complex III, Complex II, and Complex I expression. For cellular and mitochondrial oxidative stress enzymes, the membrane was probed with a goat polyclonal MnSOD antibody, goat polyclonal Cu/ZnSOD antibody (Santa Cruz Biotechnology, San Diego, CA), or rabbit polyclonal NOX-4 antibody (Novusbio, Littleton, CO). For biogenesis, PPAR␥ coactivator (PGC)-1␣, PGC-1␤, AMPK, and phospho-AMPK antibodies were used. For cytochrome c, mitochondrial and cytosolic fractions were separated as above, and the membranes were probed with a rabbit cytochrome c antibody (Cell Signaling, Danvers, MA). After washes, this was followed by the appropriate HRP-conjugated secondary antibody and ECL chemiluminescent substrate (Pierce, Rockford, IL). Western blot band intensities were quantified using the Image J program (download available at http://rsb.info.nih.gov/ij/).
Mitochondrial H 2O2 release. Mitochondrial H2O2 emission was measured by monitoring Amplex Red oxidation using a Molecular Devices M5 spectrofluorimeter with temperature control (excitation 560 nm, emission 590 nm). We prepared mitochondrial membranes by freeze-thawing them in liquid N 2 three times as well as fresh mitochondria. The working solution contained 5 mM succinate or 75 M palmitoyl-L-carnitine, 100 M Amplex Red, 0.2 U/ml HRP and 5 mM ADP or 1 g/ml oligomycin or 2 M rotenone or the combination of these or 2 M antimycin A. To initiate the assay, 50 l of working solution was added to 50 g of mitochondrial suspension (in MAS-1 buffer, equalized to the same volume) in 96-well microtiter plates. Measurements were run for 20 -30 min with at least four samples in each group.
Statistical analysis. Data are expressed as means Ϯ SE. Statistical significance between groups was determined by ANOVA and Student's t-test as appropriate. P Ͻ 0.05 was considered the minimum level of statistical significance.
RESULTS

Body weights and clinical parameters.
Feeding a 45% kcal lard high-fat diet to C57BL mice resulted in a significant increase in body weight from the 8th wk of the feeding period (Fig. 1A) , accompanied by only minor changes in plasma glucose levels after 12 and 16 wk (Fig. 1B) but with pronounced hyperinsulinemia as expected. No significant changes were observed in creatinine or BUN levels at that time (Fig.  1B) , indicating an early stage in the obese mice without severe functional kidney damage yet.
High-fat diet induces glomerular hypertrophy, fibrosis and scarring in the kidney. Representative histology pictures from kidneys of low-fat-fed and high-fat-fed mice are shown in Fig. 2 , where hematoxylin-eosin staining was performed on renal sections after 12 and 16 wk of feeding. Kidneys taken from mice fed a normal low-fat diet had normal glomeruli with a constant tuft size at 12 or 16 wk, whereas in the high-fat-fed groups, glomerular size was already significantly increased at 12 wk and worsened by 16 wk (Fig. 2, A-F) . TriChrome staining indicated several changes typical of progressive kidney pathology in high-fat dietfed mice. Mesangial space expansion in the glomeruli, collagen deposits, fibrosis, interstitial scarring, and thickening basal membranes were abundant compared with the low-fat-fed cohorts (Fig.  2, G-J) .
Indication of proinflammatory transformation and evidence of oxidative stress in the kidney: FSP-1, 3-NT, and protein radical formation on high-fat diet.
To determine whether proinflammatory changes and reactive oxygen and nitrogen species production accompany the development of changes in the kidney, we used confocal microscopy to localize FSP-1 positive staining and oxidative stress markers. FSP-1 is considered a hallmark of, and a good indication for, profibrotic renal changes and a possible epithelial-mesenchymal transition. FSP-1 staining was used as a marker of fibrosis related to transformation of tubular cells (32) . We focused specifically on protein damage and protein nitration/oxidation because these changes can affect important enzymes and their function in the kidney cells and mitochondria. Protein nitration was determined using 3-NT staining, and protein radical formation was detected using a novel immunospin trapping technique. Here, the spin trap DMPO is given to animals and specifically reacts with radicals in vivo, forming stable adducts. These adducts can then undergo modifications that will make it impossible to detect them with conventional EPR spectroscopy. However, the anti-DMPO antiserum recognizes the protein radical-DMPO adducts in their EPR-silent form (6, 14, 38) . This novel tool allows us to image protein radical formation for the first time in the kidney in both space and time. FSP-1 staining increased with time on the high-fat diet, localizing in the interstitial space, indicating progressive proinflammatory transition (Fig. 3, A and B) . Significantly increased 3-NT staining was observed at both 12 and 16 wk in the high-fat diet-fed groups (Fig. 3, C and D) ; this was accompanied by iNOS expression, which peaked at 12 wk (Fig.  3, E and F) . Only a small amount of DMPO staining was detected at 12 wk, but significant fluorescence indicating increased protein-DMPO adduct accumulation was observed at 16 wk. Similar to 3-NT, DMPO staining was located mainly in the glomeruli (Fig. 4, A-C) . These results indicate that high-fat diet induces nitration and protein damage partially through protein radical formation in the kidney over time. We found increased iNOS and NOX-4 expression at 12 and 16 wk (Fig.  4 . D and E) as possible sources further contributing to these cellular oxidative stress alterations. The expression of Cu/ ZnSOD was not changed at these timepoints (Fig. 4, D and E) .
High-fat diet induces defense mechanisms and increased H 2 O 2 emission in kidney mitochondria. To determine whether the high-fat diet compromised mitochondrial biogenesis and whether there was any indication of mitochondrial oxidative stress or dysfunction, we next investigated the expression of mitochondrial complexes, the level of the protective mitochondrial superoxide dismutase (MnSOD), and the degree of H 2 O 2 release as an indication of mitochondrial ROS production. We speculated that, since we observed protein radical formation and nitration, mitochondria could be a significant source of oxidative stress, which is common in obesity-related syndromes.
MnSOD expression levels were increased on the high-fat diet. This increase was modest but significant at 12 wk and further increased at 16 wk. Elevated MnSOD expression is possibly a compensatory response to increased ROS leaking and could protect the respiratory chain complexes in the kidney (Fig. 5 , A and B). In in vitro studies, overexpression of MnSOD was shown to be protective in renal proximal tubular cells exposed to hyperglycemia (30) . Consistent with the increased MnSOD expression, mitochondria from the high-fat diet groups were emitting significantly higher amounts of H 2 O 2 . The production of H 2 O 2 was measured and compared using both carbohydrateand lipid-based substrates (supported by succinate or palmitoyl-L-carnitine, respectively) (4, 37) . This H 2 O 2 production was significantly decreased by inhibiting Complex I with rotenone or applying antimycin A on both substrates. The result suggests a reverse electron flow to Complex I, which is generally considered the main site of superoxide leakage (Fig. 5, C and D) . Decreased mitochondrial cytochrome c was also observed at 16 wk, but leaking to the cytosol fraction was either insignificant or inconsistent to detect at these time points. Mitochondrial biogenesis and the expression of the respiratory complexes were intact, indicating no overall reduction in levels of mitochondrial protein content (Fig. 6, A-D) .
High-fat diet induces an initial adaptation in mitochondrial bioenergetics in the kidney with preserved biogenesis despite oxidative stress. To further study and assess the impact of lard-based high-fat diet feeding on kidney mitochondria function and bioenergetics, we used a SeaHorse analyzer to measure several parameters of mitochondrial respiration.
This approach allowed us to simultaneously compare kidney mitochondria from low-and high-fat diet-fed mice, minimizing variation from isolation or preparation. Interestingly, rather than showing a decay in mitochondrial bioenergetics, kidney mitochondria of the 12-wk group repeatedly showed a steadily maintained bioenergetics and, moreover, a modest but significant adaptation to the increased lipid load (Fig. 7) . Both RCR, which is a commonly used parameter of mitochondrial function, and ATP-linked OCR were significantly higher in the high-fat diet-fed group mitochondria, suggesting an adaptive-type response in the kidney (Fig. 7, A and  B) . Note that kidney is one of the organs with high ATP needs; therefore, this response may be important to maintain its ATP homeostasis. Furthermore, the 12-wk high-fat kidney mitochondria demonstrated significantly reduced proton leak percentages (Fig. 7C) , which, together with the increased ATP-linked respiration, translates to improved efficiency. No significant changes were observed in succinatebased basal respiration or after antimycin A addition in nonoxidative phosphorylation-linked respiration, which includes any other nonmitochondrial oxygen consumption (Fig. 7, D and E) . In the 16-wk feeding group, the adaptation was no longer apparent, but the high-fat group kidney mitochondria maintained normal respiratory parameters compared with the low-fat-fed group in RCR and ATP production (Fig. 7, F and G) . We observed a slightly elevated but not statistically significant proton leak and higher basal respiration. These parameters are indicative of some degree of uncoupling (Fig. 7, H and J) . There was no change in the nonmitochondrial respiration rates (Fig. 7I) . These findings suggest that the kidney develops an initial increase in mitochondrial bioenergetics as a response to HFD feeding, which slowly diminished with the progession of obesity but was still maintained at normal levels at 16 wk.
DISCUSSION
High-fat diet and obesity can lead to chronic kidney disease with or without developing diabetes (5, 11). There is accumulating evidence showing the role of altered lipogenesis and lipotoxicity in this process (1, 8, 27) and how the kidney changes morphologically as well as functionally (18, 43) . Although several studies have focused on diabetic nephropathy as a complication, sparse data are available on precise oxidative stress markers and, moreover, on the possible role and relation of mitochondrial derailments (mitochondrial oxidative stress, biogenesis, and bioenergetics) to the early stage of the kidney on high dietary fat intake.
Here, we demonstrate evidence for oxidative stress through mitochondrial ROS production and protein radical formation/ nitration, which develops in parallel with fibrotic and proinflammatory changes in the kidney on high-fat diet while the kidney maintains normal mitochondrial biogenesis. Furthermore, we suggest the implication of a novel paradigm similar to that of skeletal muscle to address how the kidney develops an initial increase in bioenergetics despite the early signs of oxidative stress.
Studies by Sansom et al. determined a time course on high-fat diet when the kidney glomeruli start to show morphological changes (43) . On the basis of those studies, we started looking at morphological alterations, fibrosis, and oxidative stress as well as proinflammatory markers at 12 and 16 wk of high-fat diet feeding. At this stage, C57BL mice do not develop diabetes but are significantly more obese, in a state with no signs of severe kidney function damage (Fig. 1) . Glomerular hypertrophy was apparent, as well as various obesity-related morphological changes, with pronounced interstitial scarring and fibrosis, which are common signs of progressing renal disease. Scarring and fibrosis are linked to numerous factors such as growth factors, cytokines, proinflammation, and oxidative stress. Since obesity is often associated with a proinflammatory stage in tissues, it is important to link this fibrosis to a marker of low-grade inflammation in the kidney. FSP-1 expression is an indication for such alteration, where tubular epithelial cells migrate to the interstitial space and change their phenotype, also expressing FSP-1 (19, 22, 32) . In agreement with the presence of fibrotic/collagen tissue, FSP-1 staining was prominent in the interstitial space, confirming a possible link between high-fat diet and proinflammation in the kidney that was worsening in time.
Oxidative stress as a rather broad and vague definition is also often mentioned and linked to pathological kidney alterations. We looked for specific markers of protein damage in these studies to achieve a more precise picture and elucidate whether the accumulation of these oxidized and nitrated proteins is induced by high-fat diet and correlates with the scarring and glomeruli damage. The novel immunospin-trapping method allowed us to identify and localize protein radical formation in the kidney, which was preceded by nitrotyrosine formation starting at 12 wk (Figs.  3 and 4) . The time course accumulation of FSP-1 and nitrotyrosine together with subsequent protein radical formation is a novel observation that indicates a transformation in the high-fat diet-fed kidney, which involves epithelial-mesenchymal transition as well as accumulation of oxidized and damaged proteins, which may have an impact on the function of the kidney over time. Our data also indicate that iNOS and NOX-4 can be important cellular enzymatic sources of radicals upon high-fat diet feeding, allowing the possibility for superoxide anion and NO to form simultaneously. This pathway very likely contributes to the nitration process, as shown in Fig. 3C , through the formation of peroxynitrite or other similar radical mechanisms. It is important to note that, although nitrotyrosine and protein adduct accumulation were observed mainly in glomerular structures, the FSP-1 staining pattern refers to the tubular epithelium and the interstitial space where those FSP-1-positive epithelial cells may migrate on transformation. The oxidative and profibrotic damage happens in parallel in these structures, influencing both glomerular function and tubular integrity at the same time with the progression of the disease.
To further dissect a contribution from mitochondrial oxidative stress in these processes, as often happens in diet-induced obesity, we looked for mitochondrial defense mechanisms as well as H 2 O 2 release as an indication of mitochondrial ROS production. In the H 2 O 2 emission experiments, we applied mitochondrial membrane preparations to overcome any possible interference from mitochondrial defense mechanisms (42) . Also, applying Amplex Red has some considerations. For example, GSH or NADH can interfere with the assay; this way the risk of potential false readings was minimized. In some experiments, as a comparison, we also used fresh mitochondria to confirm these results, where we found no difference from those obtained from freeze-thawed preparations. Note that succinate is not the most physiologically accurate substrate, but mitochondrial membrane preparations will not consume glutamate or malate. Succinate represents a carbohydratebased substrate; therefore, to compare this approach with a fatty acid substrate-supported scenario, we also used palmitoyl-L-carnitine. Compared with succinate, using palmitoyl-L-carnitine as a substrate resulted in higher H 2 O 2 production when applied alone but not in state IV respiration or in the inhibition experiments. While high-fat diet-induced MnSOD overexpression and H 2 O 2 release from the mitochondria, which was inhibitable at the level of Complex I (Fig. 5, C  and D) , suggesting some redox disturbances, interestingly, biogenesis and the amount of mitochondrial complex proteins were intact. Cytochrome c was only leaking to the cytosol in a negligible amount at 16 wk or was repeatedly inconsistent to detect (possibly due to large variations in the high-fat diet-fed mice after those feeding time points), but the protein was decreased in the mitochondria. As cytochrome c is important in passing electrons from Complex III to Complex IV, decreased levels can further contribute to a reverse electron flow and enhanced H 2 O 2 release. Consistently, previous data on much earlier timepoints in high-fat diet-fed mice indicates an initial leakage of cytochrome c to the cytosol in the kidney (23), while downregulation of important genes related to mitochondrial function including cytochrome c was observed by others in skeletal muscle as well (35) . When we looked at factors controlling biogenesis and oxidative phosphorylation such as PGC-1␣, PGC-1␤, and AMPK/phospho-AMPK, their expression was also unchanged (data not shown).
More importantly, on high-fat diet the kidney initially developed an adaptation-like response in our experiments, increasing its bioenergetic capacity and its H 2 O 2 emission from mitochondria on both carbohydrate-and fatty acid-based substrates, shifting its redox state, which is probably also an initial adaptive response to the free fatty acid overload exceeding metabolic demand. This behavior seemed to follow a cycle in the kidney, as we could only observe this repeatedly with different cohorts in the 12 wk group, and by the 16th week this initial response was not detectable anymore. Regardless, the kidney had no derailments in its bioenergetic balance (Fig. 7) . There is mounting evidence indicating that, in case of a metabolic disturbance (out-of-balance metabolic state) like high-fat diet feeding, substrate oversupply to the TCA can have a large impact on function. Novel data suggest also an adaptive "shift" in skeletal muscle (3) as well as an initial increase in bioenergetics or biogenesis (7, 17, 40) as a response to this oversupply, but a similar concept has never been proposed in the kidney. When, due to this free fatty acid overburdening, various new metabolites appear, they can significantly alter the rate of superoxide/H 2 O 2 production through changing the redox state of Complex I and CoQ pool (29) . This is often referred to as derailed handling of lipids in the mitochondria (25, 31) . The increasing MnSOD expression over time was certainly the first indication that it might be a response to increased ROS production in the mitochondria, dismutating superoxide to H 2 O 2 . In vitro evidence in renal cell cultures supports that overexpressing MnSOD is protective in hyperglycemia as well as supressing collagen deposition (13, 30) . This is intriguing, as herein we show that in an in vivo high-fat diet feeding model the kidney has elevated levels of MnSOD. This will presumably reduce mitochondrial superoxide levels, but on the other hand may lead to H 2 O 2 accumulation, depending on other cellular defense mechanisms such as catalase or peroxidases. Indeed, kidney mitochondria from high-fat dietfed mice had increased H 2 O 2 release. This was significantly attenuated by rotenone, which acts on Complex I, inhibiting the production of radicals derived from a reverse electron flow from complex II, or antimycin A, which can also decrease H 2 O 2 release from reverse flow by decreasing membrane potential (39) . Complex I is a well-known site of ROS production in the mitochondria.
Kidney and skeletal muscle hold some common features in that they are both organs with high metabolic needs and their function relies heavily on ATP availability. We believe that, similarly to skeletal muscle, an adaptation process may occur in the kidney on high-fat diet to maintain bioenergetic needs regardless of the indications of early oxidative stress, including mitochondrial ROS production, protein radical formation, and activation of iNOS and NOX-4 and their contribution to modulating nitration mechanisms. Our data suggest that these oxidative changes and protein damage develop in the kidney in time, partially through nitration and protein radical formation, as was demonstrated by a novel immunospin trapping tool. This was accompanied by morphological changes and transformation of tubular epithelial cells, indicating proinflammation, while the kidney maintained normal mitochondrial bioenergetics and, moreover, developed an initial adaptation to the increased lipid load by increasing H 2 O 2 emission and overexpressing MnSOD. Therefore, these initial changes, but not mitochondrial bioenergetic dysfunction, may be contributing to the early pathological changes and altered cellular milieu in the kidney. The bioenergetic adaptation is particularly puzzling and warrants further investigation, as it may reveal important details about how cellular metabolism is altered in the kidney on nutrition overload to maintain ATP needs. This adaptation results from feeding a high-fat diet but may not be linked to adiposity per se, as the degree of obesity between 12-and 16-wk feeding is not a drastic change. One alternative could be an initial increase in mitochondrial biogenesis; however, at this time we have not observed an increase in either AMPK phosphorylation or PGC-1␣ or -␤ levels. Therefore, we suggest that, to some extent, the data indicate that, as obesity progresses, cellular and subcellular oxidative stress will precede mitochondrial energy imbalance, which may decline later in time. Lower levels of cytochrome c could also contribute to increased reverse electron flow and mitochondrial oxidant emission. Clearly, the interesting phenomenon of adaptation requires further studies. Taken together, our findings herein provide novel important insights on the effects of a high-fat dietary intake in the kidney.
One question that arises from our data is the possible application of mitochondrial targeted small peptide antioxidants or other targeted approaches to modulate either H 2 O 2 emission or enzymes in the TCA cycle. This approach would further explore the adaptation mechanism and the possible links between oxidative stress and morphological changes outside the mitochondria. These interventions lately showed very promising results in skeletal muscle (3) as well as type 1 diabetic nephropathy (9) . If a targeted approach prevents increased ROS production in the mitochondrial electron transport chain in high-fat diet and subsequently decreases proinflammatory changes and oxidative stress in the kidney, it will provide more precise details to understand an obesityinduced condition in this organ. Similarly, modulating enzymes related to ␤-oxidation and the TCA cycle could explore novel pathways linking TCA disturbances and consequent adaptation mechanisms in the kidney (28, 41) . This will certainly translate into clinical relevancy and better design of therapeutic approaches specifically targeting the kidney, to prevent the progression of metabolic syndrome-related damage and chronic kidney disease.
